Abstract: A type III polyketide synthase (PKS) cDNA and the corresponding gene (FmPKS) were isolated from the rhizomes of Fallopia multiflora (Thunb.) (Polygonaceae). The full-length FmPKS cDNA was 1,228 bp, containing an open reading frame of 1,137 bp encoding a 378 amino acid residues long protein. The coding sequence of the gene was interrupted by three introns, a different gene structure from most of the type III PKS genes studied so far containing only one intron at a conserved site, except for the recently cloned gene PcPKS2 from Polygonum cuspidatum. Phylogenetic analysis revealed that it shares a close relationship with Rheum tataricum stilbene synthase and formes a group with functionally diverse chalcone synthase-like enzymes. Southern blotting showed that there are three to four copies of the FmPKS gene in the genome. The expression pattern of the FmPKS transcript was determined by Northern blotting and high expression levels were detected in rhizomes and old stems, while the lowest levels were found in old leaves, a pattern that strongly correlates with the accumulation of the major bioactive principles called 2,3,5,4'-tetra-hydroxy-stilbene-2-O-β-D-glucoside, suggesting that FmPKS might play an important role in its biosynthesis.
Introduction
Plant-specific type III polyketide synthases (PKSs) are key enzymes in the biosynthesis of many plant secondary metabolites including flavonoids, anthocyanins, stilbenes, pyrones, phloroacylphenones and benzalacetone derivatives (Flores-Sanchez & Verpoorte 2009 ). These structurally diverse natural products have different biological activities and pharmacological properties. Not only do they endow plants with the ability to defend against pathogen attack and other external stressors, they also exhibit a wide range of biological effects benefiting human health, including antimicrobial, immunosuppressant, and anticancer uses (Austin & Noel 2003; Watanabe et al. 2007 ). So far, there have been more than 14 plant-specific type III PKSs identified according to their enzymatic products, and the corresponding genes have been cloned and characterized, including chalcone synthase (CHS), stilbene synthase (STS), benzalacetone synthase (BAS), coumaroyltriacetic acid synthase (CTAS), and so on. CHS and STS are the most investigated members at both the biochemical and the molecular levels (Flores-Sanchez & Verpoorte 2009) . Despite the functional diversity, plantspecific PKS proteins have in common to be dimeric proteins of approximately 42 kDa with a catalytic triad Cys-His-Asn in the active centre (Jez et al. 2002) . This facilitates the isolation of new genes coding for PKS family proteins based on homology-based techniques, such as using degenerate oligonucleotide primers.
Fallopia multiflora (Thunb.) is one of the most important and widely used Chinese medicinal plants belonging to Polygonaceae family, and is officially listed in the Chinese Pharmacopoeia (China Pharmacopoeia Committee 2005) . In traditional Chinese medicine, both the rhizomes and the old stems are used as tonic in many remedies for anemia, neurasthenia, and hypercholesterolemia (Yang et al. 2005; Wang et al. 2009 ). The clinically demonstrated major bioactive compounds of F. multiflora are various aromatic polyketides including stilbenes and anthraquinones (Lin et al. 2003; Yao et al. 2006 ); more precisely, 2,3,5,4'-tetra-hydroxy-stilbene-2-O-β-D-glucoside (TSG), emodin, rhein, physcion and chrysophanol. It is presumed that these aromatic com-pounds are biosynthesized via a polyketide pathway by PKSs (Samappito et al. 2003; Ma et al. 2009 ), but genes coding for PKSs responsible for their biosynthesis have not been isolated.
In this paper, we describe the cloning and characterization of a three-intron PKS gene from F. multiflora. Sequence similarities, structural analysis and the nice match between its expression patterns with the accumulation of TSG, the major bioactive stilbenes in F. multiflora, suggested that FmPKS is probably an STS gene. The results are beneficial to understand the biosynthesis of TSG, and even further to improve the medicinal value of F. multiflora by gene regulation to produce more TSG.
Material and methods

Plant materials
Two-year-old Fallopia multiflora (Thunb.) Harald. plants collected from Guangdong Province were maintained in the medicinal plant garden of the Department of Pharmacy, Guangzhou Liuhuaqiao Hospital, Guangzhou, China. The plants were harvested for experimentation in February 2009, and immediately milled in liquid nitrogen for RNA and DNA extraction.
Isolation of RNA and DNA For semi-quantitative RT-PCR analysis and rapid amplification of cDNA ends (RACE), total RNA was extracted from different tissues using the Plant Total RNA Isolation kit (Bioteke, China) and treated with DNase I (TaKaRa, Japan). Genomic DNA was isolated from young leaves using the method described by Chen et al. (2004) . The quality and concentration of RNA and DNA samples were examined by ethidium bromide-stained agarose gel electrophoresis and spectrophotometric analysis.
Cloning and sequencing of full-length FmPKS cDNA by RACE A pair of oligonucleotide primers, PKSFw (5'-GGCCAACC CAAATCTAAGATCAC-3') and PKSRe (5'-CTGCGTAG CACCACAGTTTC-3'), designed for regions conserved amongst plant type III PKSs (with special attention given to the closely-related species of the Polygonaceae family), were used to isolate the conserved sequence of the FmPKS gene. RT-PCR was carried out using the One-step RNA PCR kit (Promega, USA) according to the manufacturer's recommendations. The gel-purified PCR product was ligated into a pMD20-T Vector (TaKaRa, Japan) and sequenced. This fragment was subsequently used for designing specific primers for the cloning of 5' and 3' ends of the FmPKS cDNA by RACE.
5'-RACE was carried out using the terminal deoxytranferase (TDT)-tailing amplified method (Maruyama et al. 1995) . Reverse transcription was carried out following the instructions for M-MLV enzyme (TaKaRa, Japan), and poly-C tails were added to the purified cDNA by incubation with TDT and dCTP. The resulting molecule was used as template for the first round of the nested PCR amplification with the following primer set: 5'-RACE outer primer including oligo (dG)-adaptor (5'-GGCCACGCGTCGACTAGTACGGGGGGGGGG-3') and 5'-RACE gene-specific primer 1 (5'GSP1) (5'-TCTTGTTG CCTTGAGTTTCTCCTT-3'). The PCR products were diluted and used as template for a second round of PCR with the following primer set: 5'-RACE inner primer (5'-GGCCACGCGTCGACTAGTAC-3') and 5'-RACE genespecific primer 2 (5'GSP2) (5'-GTCTGGGTTCGCTCCAA CTA-3'). For the 3'-RACE, two gene-specific primers were designed based on the conserved sequence: 3'GSP1 (5'-GGCCAACCCAAATCTAAGATCAC-3') and 3'GSP2 (5'-GTTCAGAGATGACGCCAATCTG-3'). The amplification procedure was carried out using the 3'-RACE System (TaKaRa, Japan) according to the instructions. Both the nested 5'-RACE and 3'-RACE products were purified, cloned and sequenced for confirmation from both strands.
Cloning and sequencing of FmPKS gene
Using genomic DNA isolated from young leaves as template, a full-length gene was amplified using gene-specific primers based on the obtained ORF sequence: 5'-AAACATATGGC AGCTTCAGCCAC-3' (PKS-N) and 5'-AAACTCGAGTT AAAAGATGGGCACAC-3' (PKS-C). The amplified products were purified, cloned and sequenced for confirmation from both strands.
Bioinformatics analysis
The obtained sequences were analyzed using bioinformatics tools at the websites http://www.expasy.org/ and http://www.ncbi.nlm.nih.gov/. The software Vector NT1 TM Suite 9.0 was used to create multi-sequence alignments. Homology-based structural modeling was performed by Swiss-Model (Arnold et al. 2006) , and WebLab ViewerLite (http://www.accelrys.com/) was used for the threedimensional model display.
Phylogenetic tree construction
To construct the phylogenetic tree, a total of 24 plantspecific type III PKSs sequences were aligned with CLUS-TALX program (Jeanmougin et al. 1998) . Thereinto, two functionally characterized bacterial type III PKSs served as an outgroup: Pseudomonas fluorescens PhlD and Streptomyces griseus RppA (GenBank accession No. AAB48106 and BAA33495, respectively). The aligned sequences were subjected to the MEGA 4.0 program (Tamura et al. 2007 ) and the phylogenetic tree was constructed using the neighbor-joining method (Saitou & Nei 1987) . The reliability of the tree was measured by bootstrap analysis with 1,000 replicates. The GenBank accession numbers used in the analysis were as follows: Ruta graveolens ACS (S60241), R. graveolens CHS (CAC14059), Gerbera hybrida 2-PS (CAA86219), G. hybrida CHS (S56699), Rheum palmatum BAS (AAK82824), R. tataricum STS (AAP13782), Hydrangea macrophylla CTAS (BAA32733), H. macrophylla CHS (BAA32732), Humulus lupulus CHS (BAB47196), Vitis vinifera STS (CAA54221), V. vinifera CHS (CAA53583), Arabidopsis thaliana CHS (BAB11121), Medicago sativa CHS (P30074), Polygonum cuspidatum PcPKS2 (ABY47640), Pinus densiflora CHS (BAA94594), P. densiflora STS (BAA94593), Pinus sylvestris CHS (CAA43166), P. sylvestris STS (CAA43165), Psilotum nudum CHS (BAA87922), P. nudum VPS (BAA87923) and P. nudum STS (BAA87925).
Southern blot and Northern blot analyses
Approximately 20 µg of genomic DNA was digested with BamHI, EcoRI and EcoRV, respectively. Fully digested samples were isolated by electrophoresis in a 0.8% agarose gel, denatured and transferred onto a positively charged Hybond-N + nylon membrane (Amersham Pharmacia, England). Using a pair of special primers, HpF (5'-TGAACGCAATCTATTCCACCAT-3') and HpR (5'-GAATTTGTGCTTGAGGTGGGT-3'), a 189-bp fragment (including a 57-bp 5' untranslated region and a 132-bp 5' partial ORF) was amplified using cDNA as template. A DNA probe was random primer-labeled with Digoxigenin-11-dUTP (DIG DNA Labeling and Detection kit, Roche) using the resulting PCR product as template. DNA gel blot hybridization was performed at 42
• C for 16 h. The hybridized signals were visualized by exposure to Fuji X-ray film at room temperature for 1 h.
For Northern blot, total RNA was analyzed on formaldehyde-containing agarose gels (1.2%) in 1×MOPS electrophoresis buffer (20 mM MOPS, 2 mM sodium acetate, 1 mM EDTA, pH 7.0) and transferred onto a Hybond-N + nylon membrane. Probe preparation, washing of the membrane and detection were all as described above for Southern blotting.
HPLC analysis of TSG
To measure the quantification of the TSG in different tissues of F. multiflora, fresh plant materials were frozen in liquid nitrogen and ground to a fine powder in a mortar. After vacuum freeze-drying, 0.25 g powder of each tissue was taken up in 25 mL 50% (v/v) methanol and then refluxed at 50
• C for 30 min. After being filtered through a 0.22-µm film, 10 µL of filtrate was analyzed by HPLC using a Dikma Diamonsil C18 column (250 mm × 4.6 mm, Tablets Path 5 µm). Chromatographic separation was performed using a solvent system of H2O and CH3CN with the ratio of 3:1 (v/v) over 12 min. The flow rate was 1 mL/min, with detection at 320 nm. Each data point represents the average of three independent experiments.
Results
Isolation of the FmPKS cDNA sequence
In order to characterize the plant type III PKSs of F. multiflora, we began by sequencing the RT-PCR products of primers designed to regions conserved in other plant type III PKSs (primers PKSFw and PKSRe). Total RNA was isolated from F. multiflora rhizomes because many of the polyketides of interest, including stilbenes and anthraquinones, are synthesized in this tissue. A 545-bp fragment that predicts an amino acid sequence with ∼92% identity with Polygonum cuspidatum STS was obtained. This fragment was then used to design gene-specific primers for amplifying the 5' and 3' ends of cDNA by 5'-RACE and 3'-RACE. Nested amplification for the 5' and 3' ends of the FmPKS gene yielded bands of the anticipated lengths (770 bp and 639 bp for the 5' and 3' ends, respectively) that overlapped by 181 bp. By assembling the three fragments, a full-length cDNA sequence designated as FmPKS (GenBank accession No.: GQ411431) was obtained. To confirm the integrity of the sequence, RT-PCR was used to amplify the full-length cDNA of FmPKS with the gene-specific primers PKS-N and PKS-C, which were designed based on the obtained ORF sequence. The entire assembled region was amplified.
Sequence analysis
The nucleotide sequence of the FmPKS cDNA is 1,228 bp long, with an ORF of 1,137 bp, a 57-bp 5' untranslated region and a 34-bp 3' untranslated region. The analysis of the FmPKS cDNA sequence predicted a polypeptide of 378 amino acids with a calculated molecular mass of 41.25 kDa and a predicted isoelectric point of 5.90. Blast-P search (Altschul et al. 1990) in NCBI showed that the deduced amino acid sequence shared 67-93% identity to those of other plant type III PKSs: 93% identity with P. cuspidatum STS (ACC76753), 87% identity with Rheum tataricum STS (AAP13782), 87% identity with P. cuspidatum resveratrol-forming stilbene synthase (ABS82270) and 85% identity with R. palmatum BAS (AAK82824).
Compared with other plant-specific type III PKSs sequences, the N-terminal of FmPKS has considerably low degree of sequence similarity and is 12 amino acids shorter (Fig. 1) . Further sequence analysis revealed that F. multiflora PKS maintains most of the CHSs active-site residues (Met137, Gly163, Thr194, Gly211, Gly216, Gly256, Ser338, Pro375 and Ile254; M. sativa CHS2 numbering), and the CHSs "gatekeepers" phenylalanines (Phe215 and Phe265), as well as the catalytic triad (Cys164, His303, and Asn336) (Jez et al. 2000) (Fig. 1) . However, the CHS active-site residues Val98, Thr132, Ser133, Val196, and Thr197 are replaced with Gln, Ile, Ala, Ile and Cys in FmPKS, respectively (Fig. 1) .
SOPMA (Geourjon & Deleage 1995) prediction results indicated that the secondary structure of FmPKS is mainly composed of α-helices (41.27%) and random coils (34.66%), while extended β-strands (17.20%) and β-turns (6.88%) contribute only a little. The homologybased three-dimensional structural modeling of FmPKS proteinwas analyzed using Swiss-Model (Arnold et al. 2006 ) and displayed using WebLab ViewerLite (Fig. 2 ). In the model, the catalytic residues Cys164, His303 and Asn336 are close to each other, the CHSs "gatekeepers" Phe215 and Phe265 are located outside the Cys164-His303-Asn336 active-site cavity, which is similar to other plant PKSs.
Isolation and analysis of the FmPKS gene sequence
Using primers PKS-N and PKS-C and the genomic DNA from young leaves as template, we cloned the genomic region of FmPKS. Three DNA clones of the 2,003 bp fragment were sequenced. Sequencing results showed that FmPKS cDNA is interrupted by three introns (Fig. 3) . They are 455 bp, 318 bp and 98 bp long, and are inserted between the first and second nucleotides of the Cys60, Gly163 and Gly305 triplets, respectively (M. sativa CHS2 numbering). This sequence was designated as FmPKS gene and it has been deposited in GenBank (Benson et al. 2010 ) under the accession No. GQ411432. Recently, another gene with three introns from P. cuspidatum, PcPKS2 (GenBank accession No. EU305678), was cloned and functionally characterized. The three intron sites of PcPKS2 and FmPKS are completely identical, and both the 5' and Fig. 1 . Multi-alignment of the amino acid sequences of F. multiflora FmPKS and other type III PKSs. Highly conserved residues found in all of the sequences are indicated in white text on black background and only partially conserved residues are shown in black text on gray background. The catalytic residues conserved in type III PKSs (Cys164, His303, and Asn336, M. sativa CHS2 numbering) are marked with an asterisk, and residues for CoA binding with a diamond. CHS "gatekeeper" phenylalanines, Phe215 and Phe265 are marked with a triangle. Amino acid residues conserved in most of the CHS enzymes but do not appearing in FmPKS are marked with #. Conserved motifs to which degenerate PCR primers were directed are shown with arrows. The abbreviations for species and accession numbers are: RtSTS (Rheum tataricum STS, AAP13782), PcPKS2 (Polygonum cuspidatum PKS2, ABY47640), GhCHS (Gerbera hybrida CHS, S56699), MsCHS2 (Medicago sativa CHS2, P30074), RgACS (Ruta graveolens ACS, S60241), and VvSTS (Vitis vinifera STS, CAA54221). 3' splice sites conform to the GT-AG rule (Buchanan et al. 2002) (Fig. 3) . However, the intron lengths and sequences are different and bear no significant similarity.
Phylogenetic analysis
To construct a phylogenetic tree, we selected one CHS and one CHS-like PKS each from various families of angiosperms and gymnosperms. The phylogenetic tree (Fig. 4) showed that FmPKS is closely related toRheum tataricum STS (87% amino acid identity) and forms a group with functionally diverse CHS-like enzymes, such as R. palmatum BAS, Hydrangea macrophylla CTAS and Vitis vinifera STS. This group appears to be distinct from groups composed of angiosperm CHSs, and from PKSs from gymnosperms and ferns. Abe et al (2001) analyzed the relationship of R. palmatum BAS with its group and concluded that this group branches earlier than flavonoid forming CHSs. Therefore, FmPKS is probably a CHS-like enzyme outside the group of true CHSs. The close relationship of R. palmatum BAS with H. macrophylla CTAS and V. vinifera STS suggests that no evolutionary conclusions can be drawn based on a simple comparison of sequences. Nonetheless, it supports the trend that in the CHS-like group, the amino acid sequences of functionally diverse enzymes that occur in the same plant taxa (for example, R. tataricum STS and R. palmatum BAS) are more similar to each other than they are to functionally identical enzymes that occur in more distantly related taxa (for example, R. tataricum STS and V. vinifera STS) (Tropf et al. 1994; Samappito et al. 2003) .
Southern blot analysis
To investigate whether FmPKS belongs to a multi-gene family in F. multiflora, genomic DNA from young leaves of F. multiflora was digested with the restriction endonucleases BamHI, EcoRI and EcoRV, respectively. Southern blotting was performed using the DIG-labeled probe as described above. BamHI and EcoRI digestions both resulted in four bands, whileEcoRV digestion yielded three bands (Fig. 5) . Since there are no BamHI, EcoRI and EcoRV restriction sites in the FmPKS gene, the Southern blot results indicate that three to four copies of FmPKS exist in the genome of F. multiflora. 
Expression profile of FmPKS and TSG accumulation in different tissues
Northern blots were used to examine the expression profile of FmPKS gene. Total RNA was prepared from rhizomes, old stems, young stems, old leaves and young leaves. Northern blot analysis revealed that the accumulation of FmPKS transcripts was most abundant in rhizomes, followed by the old stems, young leaves, and young stems, while the old leaves exhibited the lowest expression levels (Fig. 6A) . As shown in Figure 6B , the pattern of different tissues accumulating TSG was consistent with the expression patterns of FmPKS gene. Rhizomes accumulate the highest levels of TSG, followed by old stems, young leaves and young stems. In old leaves, the accumulation of TSG is nearly absent.
Discussion
The functional diversity of the plant-specific type III PKSs is remarkable. They generate molecular diversity by utilizing different starter molecules and by controlling the final length of the polypeptides. However, the conserved gene structure is a common feature of the plant-specific type III PKS genes. Nearly all the genes studied so far have a single intron between the first and second nucleotides of the Cys60 triplet (M. sativa CHS2 numbering); only a few exceptions have been reported. PcPKS2 from P. cuspidatum is encoded by a three-intron gene (Ma et al. 2009 ). The genes coding for Antirrhinum majus CHS (AmCHS; Sommer & Saedler 1986) as well as Arabidopsis ASCL (AthASCL2) contain two introns each. Recently, several intronless PKS genes and two genes with two introns were separated from the genome of moss, Physcomitrella patens (Koduri et al. 2010) . Together with our three-intron FmPKS here, all of the multi-intron genes share the first intron at the conserved cysteine mentioned above, but the second and third introns are not shared by all. However, their positions do not seem to be random but instead are situated within the codons for some conserved amino acid residues (Koduri et al. 2010) . Since the number of multi-intron genes is small, we cannot draw any conclusions regarding the intron evolution; nevertheless, two alternative explanations are proposed: (i) the six multiintron plant PKS genes may have gained additional introns relatively recently and independently; and (ii) the ancestral plant CHS gene had two or more introns, of which all but the intron at the conserved cysteine have been lost in most lineages. In consideration of the intronless PKS genes existing in the moss linage, together with the different intron insertion sites of the multi-intron PKS genes, the former hypothesis is more attractive (Koduri et al. 2010) . Distinguishing which alternative is correct requires discovery and evaluation of more multi-intron genes in this superfamily.
Blast-P revealed that the deduced amino acid sequence of FmPKS cDNA was most similar to STS enzymes from other species and the phylogenetic analysis also showed that FmPKS has its closest relationship with R. tataricum STS, implying that FmPKS might encode an enzyme with STS activity. However, the relationship between gene sequence and enzyme activity has not yet been fully clarified, and presently it is not possible to predict the function of the individual PKSs from primary sequence comparison alone (Zheng & Hrazdina 2007) . Therefore, in order to define the function of FmPKS clearly, biochemical characterization of the expressed protein either directly isolated from plants, or expressed from a heterologous system has to be carried out and the structure of the release products has to be identified.
Sequence similarities and structural analysis suggest that FmPKS is likely an STS gene which is necessary for the synthase of stilbenes. Since the major stilbene compounds accumulated in F. multiflora is TSG, the distribution of TSG in different F. multiflora tissues was analyzed by HPLC. The highest concentrations were detected in rhizomes and old stems, while low concentrations were measured in young stems and leaves. This distribution corresponds well with the expression pattern of the FmPKS transcript analyzed by Northern blotting, implying that FmPKS might be a candidate gene responsible for the biosynthesis of TSG. Further studies will focus on confirming the direct relationship of FmPKS with TSG accumulation in F. multiflora. We plan to construct the over-expression and RNAi (RNA interference) vectors for Agrobacterium tumefaciens mediated-transformation into F. multiflora callus tissue. The analysis of the TSG metabolic profiles in transgenic plants, compared with that in the wild lines, could help to understand the metabolic functions of the insertedFmPKS gene, and confirm its specific role in the biosyntheses of TSG.
In conclusion, the cloning of FmPKS and the analysis of its characteristics is reported here. The PKS identity of the cDNA was demonstrated by a comparison of the amino acid sequences with other known plant-specific PKSs. The expression studies, together with the HPLC analyses, revealed that FmPKS is a good candidate gene responsible for the biosynthesis of TSG in F. multiflora.
